Two novel aerobic bacteria, designated strains LAM0312
The genus Brevibacillus belongs to the family Paenibacillaceae and was originally proposed by Shida et al. [1] based on the description of 10 species of the Bacillus brevis group in order to separate them from the genus Bacillus; Brevibacillus brevis was the type species. At the time of writing, the genus comprises more than 20 recognized species with validly published names (www.bacterio.net/brevibacillus.html). Members of this genus produce oval endospores in swollen sporangia; the major cellular fatty acids are anteiso-C 15 : 0 and iso-C 15 : 0 ; the major menaquinone is MK-7; and the DNA G+C content ranges from 40.2 to 57.4 mol% [2] . Since the description of Brevibacillus, members of the genus have been found widely distributed throughout the biosphere such as in contaminants [3] , soil [4] , sediment [5] , microbiological agent [6] , hot spring [7] and compost [8] .
While studying the bacterial diversity of saline soil of a paddy field, two Brevibacillus-like strains, designated
LAM0312
T and LAM0313, were obtained. By using a polyphasic taxonomic approach, we conclude here that the strains represent a novel species of the genus Brevibacillus.
Strains LAM0312
T and LAM0313 were isolated from saline soil samples collected from a paddy field at DeZhou City (37 25¢ 28.82 † N 116 39¢ 54.22 † E), Shandong Province, China. For isolation, 10 g of soil sample was added into a 250 ml Erlenmeyer flask with 100 ml of sterile saline solution and incubated in the dark at 30 C with shaking (150 r.p.m.). After 24 h, the samples were diluted with sterilized water and spread onto tripticase soy agar (TSA; BD/ Difco) plates supplemented with 5 % (w/v) NaCl at 30 C for 3 days. Two of the isolates obtained, designated strains LAM0312 T and LAM0313, which were purified at least twice before preservation in 20 % (v/v) glycerol at À80 C, was selected for further study.
Biomass for chemotaxonomic and molecular studies was obtained by cultivation in shaking flasks for 2 days at 30 C. The recommended minimal standards for describing new taxa of aerobic, endospore-forming bacteria as described by Logan et al. [9] were followed. The reference type strain Brevibacillus laterosporus DSM 25 T was obtained from the Deutsche Sammlung von Mikroorganismen and Zellkulturen (DSMZ); Brevibacillus fluminis JCM 15716 T was obtained from the Japan Collection of Microorganisms (JCM). The reference type strains were cultured under the same conditions as strains LAM0312
T and LAM0313 for comparative analyses.
Cell morphological characteristics of exponentially growing cultures of all strains were examined by light microscopy (Nikon 80i) and transmission electron microscopy (Hitachi 7500) [10] . The Gram-staining reaction and H 2 S production tests were carried out according to the methods described by Smibert and Krieg [11] . Cell motility was tested in tripticase soy broth (TSB; BD/Difco) medium with 0.4 % agar. Growth under anaerobic conditions was tested in TSB medium in Hungate tubes filled with oxygen-free N 2 at 30 C for 3 days. The formation of endospores was tested on TSA medium supplemented with 5 mg MnSO 4 l À1 as described by Logan et al. [9] and the spores stained were examined by light microscopy. Growth at 15, 20, 30, 37, 40, 45 and 50 C and pH 4-12 were investigated in TSB medium. NaCl concentrations of 0-15 % (w/v) were produced in medium prepared according to the formula of TSB but varying the addition of NaCl. The medium was adjusted to the desired pH by using sterile solutions of citric acid/Na 2 HPO 4 (pH 4.0-5.0), Na 2 HPO 4 /NaH 2 PO 4 buffer (pH 6.0-8.0), NaHCO 3 /Na 2 CO 3 buffer (pH 9.0-10.0), Na 2 HPO 4 /NaOH buffer (pH 11.0) [10] and KCl/NaOH buffer (pH 12.0). Catalase activity was determined by the production of bubbles in 3 % (v/v) H 2 O 2 . Oxidase activity was detected by using tetramethyl-p-phenylenediamine. Methyl red and Voges-Proskauer tests were determined as described by Smibert and Krieg [12] . Hydrolysis of casein and starch were carried out on 1 % (w/v) skimmed milk agar and 1 % (w/ v) starch agar, respectively. The egg yolk reaction was tested on egg yolk agar [13] . Other biochemical characteristics of all strains, including nitrate reduction, acid production and enzyme activity, were carried out with the API 20E, API 50CH and API ZYM systems (bioM erieux) according to the manufacturer's instructions.
Genomic DNA for PCR amplification was extracted and purified according to the method described by Marmur [14] . The 16S rRNA gene was amplified by PCR with the universal bacterial primers 27F and 1492R [15] and purified using a PCR purification kit (TianGen) according to the manufacturer's instructions. The purified PCR product was cloned into pMD19-T vector (TaKaRa) and sequenced by Life Technologies Company. The 16S rRNA gene sequence similarities and multiple sequence alignment were analysed using the EzTaxon-e service [16] and CLUSTAL W 1.8 software [17] . Phylogenetic trees were reconstructed using the MEGA 6 program package [18] with the neighbour-joining [19] , maximum-parsimony [20] and maximum-likelihood [21] methods. For the maximumlikelihood analysis, the GTR model was selected, and the base frequencies, rate matrix, proportion of invariable sites and gamma distribution were estimated via likelihood. Evolutionary distances were calculated according to the algorithm of Kimura's two-parameter model [22] for the neighbour-joining method.
The genomic DNA G+C content was determined by the thermal denaturation method [23] using a Beckman DU 800 spectrophotometer (Beckman Coulter). Escherichia coli K-12 was used as the reference strain. The levels of DNA-DNA hybridization between strain LAM00312 T , strain LAM0313 and B. laterosporus DSM 25
T were determined according to the method described by De Ley et al. [24] and Huss et al. [25] . The experiments were carried out in quadruplicate.
For the determination of cellular fatty acid composition, all strains were incubated in TSB medium at 30 C, and cells were harvested in the late exponential phase. Fatty acid methyl esters were obtained through saponification, methylation and extraction according to the manufacturer's instructions as described by Sakamoto et al. [26] . The identification and quantification of cellular fatty acids were carried out using the Sherlock Microbial Identification System with the standard MIS Library Generation Software (v.6.0 and Date 4, Microbial ID) and a 6890N gas chromatograph (Agilent). The respiratory quinones were analysed via reversed-phase HPLC as described by Komagata and Suzuki [27] . The polar lipids were extracted and separated on silica gel plates (10Â10 cm; Merck 5554) and further analysed by using the methods described by Minnikin et al. [28] and Xu et al. [29] . A phosphomolybdic acid hydrate ethanol (5 %, w/v) solution was used to reveal total polar lipids. Aminolipids were determined using ninhydrin reagent and phospholipids were identified by Zinzadze reagent. The data were interpreted as described by Fang et al. [30] . The cellwall peptidoglycan structure of strain LAM0312
T was tested by TLC [27] by using the methods described by Schleifer [31] .
The phenotypic characteristics of strains LAM0312
T and LAM0313 as shown in Figs 1, S1 and S2 (available in the online Supplementary Material) are given in the species description. The temperature range for growth was 20-45 C (optimum: 30 C) and pH range was 5.0-10.0 (optimum: 7.0-8.0). They grew in medium without NaCl and strain LAM0312
T tolerated up to 12 % (w/v) NaCl. Strain LAM0312
T showed notable differences in comparison to its closest relatives with regard to morphological characteristics, growth ranges (NaCl tolerance), nitrate reduction, VogesProskauer test, hydrolysis of gelatin and urease, and acid production from carbohydrates. B. laterosporus DSM 25 T could grow under trace amounts of oxygen in TSB, but strain LAM0312
T was strictly aerobic. Other differences in the physiological and biochemical characteristics between strain LAM0312
T and its closest relatives are shown in Table 1 .
Comparative sequence analysis based on the nearly complete 16S rRNA gene sequence of strain LAM0312 T (1440 nt, GenBank accession number KJ627768) indicated that it was closely related to strain LAM0313, B. laterosporus DSM 25 T and B. fluminis CJ71 T with 99.8, 98.5 and 96.4 % sequence similarity, respectively. Phylogenetic trees reconstructed with the maxium-likelihood (Fig. 2) , neighbour-joining (Fig. S3) and maximumparsimony (Fig. S4 ) methods showed that strain LAM0312
T shares a close relationship with members of the genus Brevibacillus. The DNA-DNA hybridization value between strain LAM0312 T and strain LAM0313 was determined to be 92±0.6 % (reciprocal 90±0.2 %) and the value between LAM0312
T and B. laterosporus DSM 25 T was 48±0.5 % (reciprocal 40±0.4 %). The low (<70 %) DNA-DNA relatedness values between strain LAM0312 T and its closest relatives precludes genomic relatedness and supports the designation of strain LAM0312
T as a representative of a novel species within the genus Brevibacillus [32] . The DNA G+C contents of strains LAM0312
T and LAM0313 were 45.0 and 46.0 mol%, repectively, as determined by the T m method, values that are within the range of 40.2-57.4 mol% reported for species of the genus Brevibacillus. Oxidase A comparison of the whole-cell fatty acid composition of strain LAM0312 T and its closest relatives is shown in Table S1 . The major fatty acids of strain LAM0312
T were identified as iso-C 15 : 0 (50.9 %) and anteiso-C 15 : 0 (31.0 %). Minor differences existed in the proportions of the major fatty acids of strain LAM0312
T and the related strains. The iso-C 15 : 0 content of strain LAM0312
T was notably higher than those in the reference strains (from 22.2 to 47.2 %), and the amount of iso-C 14 : 0 in B. ginsengisoli Gsoil 3088 T (15.0 %) was much higher than in strains LAM0312
T and LAM0313 (3.2 and 4.5 %, respectively). The diagnostic diamino acid of the cell-wall peptidoglycan was meso-diaminopimelic acid. The predominant menaquinone was identified as MK-7. The main polar lipids of strain LAM0312
T were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, five unidentitied lipids, glycolipids and phosphatidylmonomethylethanolamine, and were different from Brevibacillus laterosporus DSM 25 T which did not have glycolipids (Fig. S5) . The main polar lipids of strain LAM0312 T were found to be similar to those of members of the genus Brevibacillus.
On the basis of the phenotypic, phylogenetic and chemotaxonomic characteristics, the two paddy field strains are proposed to represent a novel species of the genus Brevibacillus, for which the name Brevibacillus halotolerans sp. nov. is proposed.
DESCRIPTION OF BREVIBACILLUS HALOTOLERANS SP. NOV.
Brevibacillus halotolerans (ha.lo.to¢le.rans. Gr. n. hals, halos salt; L. pres. part. tolerans tolerating; N.L. part. adj. halotolerans salt-tolerating, referring to the organism's ability to tolerate high salt concentrations). The type strain is LAM0312 T (=ACCC 06527 T =JCM 30849 T ), which was isolated from a saline soil sample of a paddy field in Dezhou County, Shandong Province, China. The genomic DNA G+C content of the type strain is 45 mol% as determined by the T m method. LAM0313 is a second strain of the species.
